introduction
Landslide is a geological disaster that can cause great damage. If land slides into rivers, lakes or seas, the landslide surge caused will lead to even greater secondary disasters, which mainly reflects into two parts: one is the disaster in areas close to the landslide mass, including the geological disasters in areas near the landslide mass and the surge disasters in nearby water areas; the other is the disaster in landslide surge propagation areas, which is caused by the propagation of landslide surge and when the surge is propagating in areas on the upper and lower reaches of the river or on the same or opposite bank of the river, it will directly threaten lives and property of people on both banks of the river, hence the damage is in a wider scope and at a more severe level. For example, the landslide happened at Vajont Reservoir in Italy (Wang 2005; Zhong 1993 ), the landslide in Yunyang County in the Three Gorges Reservoir area (Li & Jipazi 1988; Wang 2005) , the landslide in Zigui County, Hubei Province (Xue et al. 1988; Yi et al. 2011 ) and the landslide on Qinggan River (Li et al. 2006 ) -a tributary stream of the Yangtze River, all caused huge secondary disasters due to landslide surge.
Currently, certain progress on research about landslide surge has been achieved both at home and abroad. In terms of numerical calculation analysis, Noda (1970) established a calculation formula among the initial height of landslide surge, the velocity of landslide and water depth; Rvadkiewicz et al. (1996) established a calculation model for submarine landslide surge; Heinrich et al. (1999) established a three-dimensional fluid dynamics model of surge. Panizzo et al. (2002) adopted wavelet transform method to analyze the height of the surface wave of landslide surge. Wieczorek et al. (2003) derived an empirical calculation formula for landslide surge through regression analysis. Fritz et al. (2004) conducted in-depth analysis on the two-dimensional calculation of landslide surge. Watts et al. (2005) did two-dimensional and threedimensional calculation analysis on underwater landslide surge.
As for physical model test analysis, Kamphuis and Bowering (1971) put forward that the height of a landslide surge is determined by the volume of the landslide mass and the Froude number (Fr). Slingerland and Paolo (1982) derived an empirical formula for calculating the initial wave height and dimensionless kinetic energy. Fritz et al. (2003) studied the features of water body flow field under the effect of surge. de Carvalho (2007) analyzed the features of the pressure of surge to the wave of reservoir bank. Ataie-Ashtiani and Nik-Khah (2008) established an empirical formula between the cycle and amplitude of landslide surge. Heller et al. (2008) pointed out that the scale effect would influence the relative amplitude. Di Risio et al. (2009a) studied the regularity of wave run-up on round-shaped bank slope. The model test by Di Risio et al. (2009b) was based on videoing measures and conducted in-depth analysis and research on the three-dimensional flow field of landslide surge.
Research on landslide at channel reservoir in mountainous regions is a complicated topic that covers a wide range. Although many domestic and foreign scholars have done a large amount of research on relevant topics, their research is mainly targeted at a specific question or conducted under an ideal condition, whereas a relatively in-depth and complete theory and calculation method on the features of landslide surge in channel reservoir, particularly the regularity of the propagation and attenuation of landslide surge is still absent (Mustaffa et al. 2017) . On the basis of analyzing existing materials and results, this paper conducted comprehensive test analysis and combined straight and curved sections of waterways together to systematically investigate the regularity of the propagation and attenuation of landslide surge, so as to scientifically and precisely determine the damage scope of landslide surge.
design oF generaL modeL test

DETERMINATION OF MODEL SCALE
According to the model similarity criterion and in order to satisfy the physical similarity between the model and the prototype, firstly similar conditions must be satisfied. This research regarded the process of land sliding into water as a whole and the process of the landslide mass moving under its own gravity should mainly consider the similarity of gravity, therefore, the model was designed based on the gravity similarity principle. Taking the mechanical conditions and operability into consideration, the geometrical scale of the physical model test about the influence of rock mass on landslide surge and shipping channels was determined as 1:70 and then various scales of the test were as follows: Geometrical scale design oF the LandsLide surge modeL
RIVER CHANNEL MODEL
Channel Plane Simulation In order to make the research representative, we chose Wanzhou section in Three Gorges Reservoir Region as the prototype. This section is 6 km long, the upstream is straight and downstream is approximately 90 DEG bend. On both sides of the river terrain is tilted slopes and there are many ports. Second Wanzhou Yangtze River bridge stands at the downstream end. Zhuxi River from the left bank flows into the Yangtze River and the estuary area is silted (Anis Syuhada et al. 2016; Md Pauzi et al. 2017) . General simulation was applied to straight channels and the general bending angle of curved channels was 90° and the actual land-form was adopted for the simulation of curved channels, as shown in Figures 2 and 3. 
Channel Section Simulation
Select the straight and curved sections in the river. According to the section statistics shows that straight section size is consistent, the bend section size is different. Design model of the gradual way, in river bend every 10º design a section size, specific arrangement as shown in Figures 3 and 4 . The specific profile data is shown in Table 1. LANDSLIDE MASS, CHUTE AND SUPPORTIVE FRAME
Landslide Mass
The volume and geometrical form of rock mass landslide determine the magnitude of its overall energy. Through statistics about the geometrical form and features of rock mass landslide in the Three Gorges Reservoir area, it has been found out that, the quantity of rock mass landslide in the reservoir area is mainly in large or middle-sized scale and in various forms. Having considered the geometric scale and the convenience of test operation, this model test generalized the rock mass slide as a cuboid, the length of the landslide mass was fixed at 1 m and its volume was controlled by the different ratios between the width and thickness of the landslide mass and combining with the statistics about the length-width FIGURE 6. The landslide mass model ratio of landslide in the Three Gorges Reservoir area, the following three combinations of width and thickness were adopted which is shown in Table 2 . Statistics about the slope of sliding surface in rock mass landslide area in the reservoir area, it was found that, the slope was between 20-60° and the test selected three slopes, 20°, 40° and 60° as the slope of the rock mass landslide. The landslide mass in the Three Gorges Reservoir area is largely mudstone and sandstone and the natural density of sandstone is 2.2 -2.7 g/cm 3 and that of mudstone is 2.45 -2.65 g/cm 3 . According to the density similarity principle, this test simulation took the average density of mudstone and sandstone as the density of the landslide mass. Rock landslide mass is mainly made up of rock blocks and the interspace between different structural planes (weak interlayer, fracture and fault). According to the statistics, fracture development is a phenomenon commonly existing in rock landslide mass and simulation with scattered landslide mass is more accurate than simulation with one whole landslide mass. Therefore, this test adopted small blocks of mass to do simulation based on a certain quantity ratio. Fractures are in different sizes and they are notably scattered. In order to reflect this feature accurately on the size of the mass blocks, by referencing to the diameter grading principle of sediment grain, the fractures were drew into grading curves and eigenvalues were selected from the grading curves as the basis for the geometrical size of the block ( Figure 5 & Table 3 ).
According to the statistics about the structural fractures and the development degree in the landslide mass area in the reservoir area, the mass was divided into 5 types of small clocks, which were Dmax, D60, D40, D20 and D10 respectively and they were piled up as a whole based on the calculation and matching about the grading plans and quantity in each landslide mass plan.
Chute
Metallic materials were used to make the sliding chute, and the bottom iron plate simulated the sliding surface. The sliding chute was 2 m long. Both sides were installed with baffles with a variable range of 0.5 -1.5 m.
LAYOUT OF MEASURING POINTS OF LANDSLIDE SURGE AS WELL AS DATA COLLECTION AND MEASUREMENT
As shown in Figure 7 , the observation and measurement of wave height and cycle used the ultrasonic wave collection and analysis device.
As shown in Figure 8 , there were 16 wave height measuring points. There was an ultrasonic sensor at each wave height measuring point to measure the initial surge and progressive surge. The main measuring areas included straight channel area, straight channel remote area, curved channel area and after-curve area. The data collection system mainly collected data about the wave height and cycle in different areas, and the length of collection time was normally 200 s and the collection frequency was 50 Hz. test data anaLysis and the reguLarity oF surge ProPagation and attenuation
DEFINITION OF RESEARCH INDEXES
After landslide surge is generated, it will propagate along different directions within the channel. During the propagation process, surge will be influenced by the shape and form of channels, water depth, internal vortex motion of water, frictional resistance, penetration and air resistance of riverbed, therefore, the wave features of progressive surge will also constantly change and attenuate (Md Pauzi et al. 2017) . The propagation and attenuation of progressive surge mainly includes the propagation and attenuation of the shape and form of wave, wave height, cycle and wave steepness, and this paper took the transmissibility rate of wave height which is the most significant factor as the measuring index. The corresponding definitions are as follows: wave height transmissibility rate is the ratio between the wave height and initial wave height in corresponding positions and the highest wave height generated by landslide blocks falling into water is taken as the initial wave height, and theoretically, the position is the mid-point of the width of the front end of the landslide blocks falling into water; the relative distance is the ration between the actual distance and the initial wave height and the actual distance is the straight-line distance from the calculating point to the starting point of the initial wave height, on both curved section and straight section of the waterway; the working condition is defined by the ratio between the initial wave height and water depth and under the same working condition, the initial wave height is the same at different azimuth angles, while the initial wave height is different under different working conditions; the azimuth angle at the place right above the landslide site in Figure 8 was specified as 0 degree, and it was negative in clockwise and positive in anti-clockwise and the measurement of the azimuth angle is recorded in radians.
CLASSIFICATION OF LANDSLIDE SURGE ATTENUATION AREAS ON CURVED CHANNELS
Through test observations, the shape and form of channels and the width of landslide mass had great influence on the shape and form of wave propagation. As landslide mass becomes wider, the impact range of surge propagation will also become wider and the extent of surge attenuation will be slower (Mustaffa et al. 2017) . The attenuation form and density degree of wave height contour line on the straight channel within the width of the landslide mass, the straight channel outside the width of the landslide mass, curved attenuation area and after-curve channel were all different. The plane contour map of wave of curved channel at different measuring points was drawn as Figure 9 .
Therefore, the attenuation of wave height of progressive surge was divided into four areas based on the analysis of the contour map of wave height on curved channel, i.e. attenuation area within the width of the landslide mass (B), straight channel attenuation area outside the width of the landslide mass (A), curved channel attenuation area (C) and after-curve attenuation area (D). By analyzing the experiment data, with given working condition and azimuth angle, Figures 11 and 12 display partial actually-measured data about the relationship between wave height transmissibility rate and the relative distance.
It can be seen from the figures that, with given working condition and azimuth angle, the progressive wave height of landslide surge gradually decreased and the attenuation gradually slowed down as the propagation distance increased, therefore, the relationship between wave height transmissibility rate and the relative distance was in a bivariate negative exponential distribution.
THE THREE-DIMENSIONAL MODEL BETWEEN WAVE HEIGHT TRANSMISSIBILITY RATE AND THE AZIMUTH ANGLE AS WELL AS THE RELATIVE DISTANCE
Under the given working condition, Figures 13 and 14 show partial regularity of how the wave height transmissibility rate of landslide surge changed along with the changes in azimuth angle and the relative distance. It can be seen from the diagram that, under the given working condition, the transmissibility rate displayed a negative tri-variate. At the same distance, the attenuation of wave height in the straight channel within the width of the landslide mass was the slowest, followed by that of the straight section outside the width of the landslide and the attenuation of the wave height in the curved section was the greatest. This was because during the process of the landslide mass sliding into water, near the position with FIGURE 11. The relationship between wave height attenuation and the relative distance when the working condition was 0.0459 and azimuth angle was -0.658 FIGURE 12. The relationship between wave height attenuation and the relative distance when the working condition was 0.0466 and azimuth angle was -2.402 0° azimuth angle directly faced by the landslide mass, the wave energy was relatively concentrated and together with the great influence of reflection stacking effect on the opposite bank (based on the test, the reflection effect on the opposite bank had more obvious influence on the stacking of wave height), therefore, its attenuation was relatively slow; while in directions deviated further from the 0° azimuth angle, wave energy was relatively scattered and its reflection influence was relatively small, therefore its wave height attenuated at a relatively fast pace (Anis Syuhada et al. 2016; Md Pauzi et al. 2017 ).
THE FOUR-DIMENSIONAL MODEL BETWEEN WAVE HEIGHT TRANSMISSIBILITY RATE AND WORKING CONDITION, AZIMUTH AS WELL AS THE RELATIVE DISTANCE
During the propagation process, the size of the wave height of progressive surge was affected by the initial wave height, water depth, degree of energy exchange, shape and form of river and all these factors interrelate with and influence each other. The calculation of the wave height of progressive surge is mainly conducted by studying the relationship between the wave height of progressive surge and the influence factors, hence derives the attenuation coefficient of progressive surge, and with given initial wave height, the value of the wave height can be calculated via the attenuation coefficient. In curved channels, the attenuation degree of surge wave height in different areas also varies. Therefore, the traditional idea is to determine the empirical calculation formula for the wave height of progressive surge through research and regression analysis of the influence factors, while this paper used tensor space mapping (Flugge 1972) method and took the test data as the foundation to conduct multifactor analysis and established an empirical wave field in the straight channel within the width of the landslide mass, the straight channel outside the width of the landslide mass and the attenuation area in the curved channel, which comprehensively reflected the progressive changes of surge wave factors (in essence, it was a four-dimensional mathematical model):
P k is the wave height transmissibility. This formula is an empirical formula calculating the value of P k by using the tensor space mapping method and based on test data. It can be regarded as the expression of the 'tensor' and it conducts traversal summation to i=1, to j from 1~3 and to m from 1~2, respectively.
In the formula,
where x is the initial distance; y is the azimuth; z is the working condition; D ijm is the component value of the three-order tensor from the perspective of tensor mapping; and it can be defined as the coefficient of a multivariate function from the perspective of function fitting. The values are as follows: . The formula can be applied when the relative distance is between 100~600, the azimuth angle is between -2.4~1.3 and the working condition is between 0.015~0.260. Through calculating the value of the empirical field, the safe navigation distance of vessels can be determined.
Analyzing the experiment data according to the fourdimensional mathematical model, some of the results are shown in Tables 4 to 11 and Figure 15 . Figure 15 is the four-dimensional slice map of the formula for the wave height transmissibility rate Pk and the changes in Pk is in correspondence with the regularity of changes in the shade of the color. Tables 4 to 11 show the wave transmissibility rates calculated by this formula with corresponding working condition, azimuth angle and relative distance. They make it more convenient to check the value in actual concLusion This paper took the typical sections of a river as the prototype, adopted general simulation method to conduct test on landslide surge model. Through analyzing the wave height contour map of curved section of the river, the attenuation of the wave height of progressive surge was classified into four areas including the attenuation area within the width of the landslide mass, the straight channel attenuation area outside the width of the landslide mass, curved channel attenuation area and after-curve attenuation area. On the basis of analysis about test data, this paper defined related indexes and parameters including the wave height transmissibility rate (the ratio between the wave height and the initial wave height in corresponding positions), the relative distance (the ratio between the actual distance and the initial wave height), azimuth angle, working condition (the ration between the initial wave height and water depth) and established a twodimensional model between wave height transmissibility rate and the relative distance, a three-dimensional model between wave height transmissibility rate and azimuth as well as the relative distance, and a four-dimensional model between wave height transmissibility rate and the initial wave height, water depth, azimuth as well as the relative distance and explored the regularity of propagation and attenuation of landslide surge. According to the two-dimensional model between wave height transmissibility rate and the relative distance, it was concluded that, under given working condition and azimuth angle, the progressive wave height of landslide surge gradually decreased and the attenuation gradually slowed down as the propagation distance increased, and the relationship between wage height transmissibility rate and the relative distance was in a bivariate negative exponential distribution.
Based on the three-dimensional model between wave height transmissibility rate and azimuth as well as the relative distance, it could be found that: with given working condition, the wave height transmissibility rate along with the changes in azimuth and the relative distance was in a trivariate negative exponential distribution. When the distance was the same, the attenuation of wave height in the straight channel within the width of the landslide mass was the slowest, followed by that in the straight channel outside the landslide mass, and the attenuation of wave height in the curved channel was the greatest.
This paper for the first time used tensor space mapping method to establish a four-dimensional model between wave height transmissibility rate and the initial wave height, water depth, azimuth angle as well as the relative distance and formed an empirical wave field that covered all the four areas of a river including the attenuation area within the width of the landslide mass, the straight channel attenuation area outside the width of the landslide mass, curved channel attenuation area and after-curve attenuation area, which comprehensively reflected the progressive changes of landslide surge factors. Although this empirical wave field was based on the data of this test, it can be completely abstracted from the specific test and used for analysis and forecast of other landslide surge, so as to accurately determine the damage scope of landslide surge in a scientific way.
